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“Nothing in life is to be feared, it is only to be understood.  
Now is the time to understand more, so that we may fear less.” 
 
 
 
Marie Curie. 
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Exposure to microgravity during space flights (SF) of variable lenght induces a 
suffering of the endothelium (the diffuse organ made up of cells that line all blood 
vessels) mostly responsible of health problems reported by astronauts and animals 
returning from Space.  
Of interest to prenosological medicine, the effects of microgravity on astronauts 
are striking similar to the consequences of sedentary life, senescence and 
degenerative diseases on Earth, although SF effects are accelerated and reversible.  
Microgravity therefore represents a significant novel model to better undertstand 
common pathologies.  
A comprehensive cell and molecular biology study is necessary to explain 
pathophysiological findings after SF in terms of variations in genome biology. 
This project will study the effects of microgravity on endothelial cells (ECs) 
cultured on the International Space Station (ISS) through analysis of 1) cellular 
16 
 
transcriptome and 2) methylome; 3) DNA damage and cell senescence, 4) cell 
cycle . 
This project has been selected by the European Space Agency (ESA) and the 
Italian Space Agency and is presently in preparation: we are developing the 
biological and engineering conditions (with the contribution of Kayser Italia Srl) 
to get suitable samples after culturing, fixing and storing ECs in Space.  
We will culture on the ISS the human microvascular EC line HMEC-1 (CDC, 
Atlanta, GA USA).  At this preparatory phase, we have tested different conditions 
for implementation of the experiment in Space, focusing on 1) designing the 
protocol for cell culturing, fixing and storage inside electronically controlled 
bioreactors; 2) testing several pre-flight incubation protocols to simulate different 
mission scenarios; 3) evaluating the suitability of fixed samples for subsequent 
experimental procedures. 
We expect the results will contribute to the creation of prevention and 
rehabilitation protocols for astronauts and for the general public suffering from 
inflammatory, degenerative and cardiovascular pathologies. 
 1. Introduction 
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1. INTRODUCTION 
 
 
 
 
All living organisms have evolved by adapting to Earth’s gravitational field, the 
attractive force acting on a free body at rest, causing it to accelerate in the general 
direction of the centre of the planet.   
Therefore, the phenomenon of gravity is created by the interaction between two 
bodies, as stated by the universal law of gravitation developed by Isaac Newton in 
1666. The force of gravity increases as the size of the two bodies increases or 
when the distance between them decreases.  
For this reason, when in Earth orbit, astronauts’ bodies are still acted on by 
gravity, but much more weakly because of the distance (about 300 km above 
Earth). In addition, considering the fact that the speed of the spacecraft partially 
counterbalances the gravitational force, astronauts’ bodies become weightless.  
In the absence of gravity many physical and biological changes have been noticed 
to appear, suggesting that gravitational load could have been a unique 
evolutionary force since the dawn of life. 
 
As a matter of fact, gravity has been constant in its intensity and direction 
throughout the evolutionary history on Earth and it is believed to be one of the 
major physical environmental forces that has shaped life on Earth, as we know it.  
Although gravitational force is the weakest of the four fundamental physical 
forces of nature (together with electromagnetic force, nuclear weak and strong 
forces), it has influenced  the development of all living organisms and it is 
probably a major contributor to biological changes as species evolved from water 
to land. In fact, when ancestral animals experienced the gravitational loading for 
the first time, they started to need adaptive mechanisms for coping with 
directional changes and for moving structures and fluids against this load.  
As species began to populate the land, more complex systems for balance, fluid 
regulation, gravity sensing and locomotion were required. 
 1. Introduction 
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But, if on one side gravity has represented a great  challenge for biological 
systems to cope with, on the other, it has also been exploited as a cue for 
orientation and postural control, since it is always present and has a fixed 
direction (Anken et al., 2002).    
In addition, singles cells have also developed different mechanisms to sense 
changes in gravity and convert mechanical stimuli in biochemical outputs (Ingber, 
1997). 
 
What happens when gravity is altered? Living organisms can still cope with 
altered gravity to a certain extent, which is based on their variable plasticity, but, 
due to such adaptation to the Earthly gravity vector, they show an impaired 
orientation behavior as well as some developmental abnormalities. 
Despite that, to fully appreciate the effects of altered gravity on biological species, 
multiple generation need to be studied. In fact, only acute changes can be studied 
in less than one generation.  
The ability to tolerate hypergravity, for example, appears related to size: in fact, 
single cells can withstand up to 10
5 
g for short periods, whereas humans tolerate 
only 4-5 g (Deguchi et al., 2011).  
In addition, it is thought that adaptation to higher gravity environments may be 
harder than adapting to lower gravity conditions, since astronauts require an 
extensive recovery period when returning to Earth. 
Space flights indeed imply a microgravity environment which can be exploit to 
experiment the effects of weightlessness on animals, particularly vertebrates.  
The aim is to investigate how the cardiovascular and respiratory systems, skeletal 
muscle, bone, endocrine and immune systems are affected by this altered gravity 
condition. Most common animal models used are amphibians, fishes, rodents, 
birds and reptiles. This studies suggested that gravity plays an important role in 
the development of these organisms (Crawford-Young, 2006) and showed how 
the absence of gravity may cause impairments especially at cardiovascular and 
musculoskeletal level. 
Various experiments using single cells were performed too. They pointed out that 
cells are able to sense environmental loads thanks to mechanosensing systems and 
 1. Introduction 
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that cellular metabolism, gene expression and cytoskeleton organization are most 
affected by microgravity. Growth rates and signaling pathways may be altered 
too. 
For what concerns the adult human, all the available data refer to astronauts who 
experienced adaptation to Space conditions, which creates problems to them when 
returning to Earth. In fact, the effects of microgravity on astronauts are striking 
similar to the consequences of sedentary life, senescence and degenerative 
diseases on Earth, although Space flight effects are accelerated and reversible.  
For example, weight-bearing muscles and bones become weaker and vasculature 
reduces. Consequently, they suffer from cardiovascular deconditioning, 
musculoskeletal atrophy, osteoporosis and orthostatic intolerance. Moreover, a 
memory and cognitive impairment can occur due to cerebral vasculature 
dysfunction.   
Therefore microgravity represents a significant novel model to better understand 
common pathologies linked to the aging process. 
For the sake of completeness, there is to say that Space flight represent a very 
complex environmental condition, which involves several different factors such as 
cosmic radiations, microgravity, Space magnetic fields. 
 
In order to gain a better insight into the effects of weightlessness at cellular and 
molecular level, many studies on different types of cell cultures have been 
conducted in simulated microgravity. They are based on the use of Rotating Wall 
Vessels (RWV) bioreactors or Random Positioning Machines (RPM) that 
minimize the shear stress and simulate a free-fall state culturing conditions.  
Changes in gene expression, cytoskeleton reorganization, modified cell shape, 
decrease in DNA repair capacity and an increased DNA damage are some of the 
most frequent alterations found in cells exposed to modeled microgravity. 
However, experiments in real microgravity are necessary in order to investigate 
Space-related pathologies, since the Space environment is too complex to be 
simulated on Earth. This is exactly the motivation of the “SFEF Project”, which 
aims at characterizing the effect of the Space travel on endothelial function. 
 1. Introduction 
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The endothelium, in fact, seems to be one of  the major targets of physiological 
alterations caused by weightlessness. 
This kind of studies may be particularly useful for improving Space crews’ health 
and their outcomes  may also contribute to the creation of prevention and 
rehabilitation protocols for common people suffering from inflammatory, 
degenerative and cardiovascular pathologies.      
Concluding, those mentioned so far are the main issues that are meant to be 
discussed in this introductory chapter, which intends to provide an overall view on  
such a broad topic as consistently as possible.   
 
 
 
 
1.1 What is gravity? 
 
 
Gravitation is one of the four fundamental interactions of nature, along with 
electromagnetism, and the nuclear strong force and weak force.  
Among this fundamental physical forces, gravity is the weakest but still has a 
great impact on life, since it imposes a continuous loading upon very object at rest 
on Earth. 
The phenomenon of gravity is generated by the interaction between two bodies 
and was first described by Isaac Newton, who developed the universal law of 
gravitation. The gravitational law, together with the laws of motion, is included in 
his Philosophiæ Naturalis Principia Mathematica, published in 1687. 
 
The universal law of gravitation states the following: 
Every point mass attracts every single other point mass by a force pointing 
along the line intersecting both points.  
The force is proportional to the product of the two masses and inversely 
 1. Introduction 
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proportional to the square of the distance between them:  
             
 
 
where: 
 F is the force between the masses, 
 G is the gravitational constant, 
 m1 is the first mass, 
 m2 is the second mass and 
 r is the distance between the centres of the masses. 
 
 
 
 
 
 
 
 
 
 
 
As we can deduce from the above equation, the force increases as the size of the 
two bodies increases and/or the distance between them decreases. 
 
Every planet, including the Earth, is surrounded by its own gravitational field, 
which exerts an attractive force on all objects. The force of this field at any given 
point is proportional to the planet's mass and inversely proportional to the square 
m1 m2 
r 
2
 
F  =  G 
Figure 1. Newton’s universal law of 
gravitation: two masses attracting each other, 
separated by a distance “r”. 
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of the distance from the center of the body. Since gravity is a vector it is defined 
by a magnitude and a direction.  
The strength of the gravitational field is numerically equal to the acceleration of 
objects under its influence, denoted g.  
Earth's standard acceleration due to gravity is approximately 9.8 m/s
2
, which 
means that an object falling freely near the Earth's surface increases its velocity by 
9.8 m/s for each second of its descent.  
According to Newton's Third Law of Motion, the action-reaction law, the Earth 
itself experiences a force equal in magnitude and opposite in direction to that 
which it exerts on a falling object (Principles of Physics by Serway, 5
th
 edition).  
This means that the Earth also accelerates towards the object until they collide. 
Because the mass of the Earth is huge, however, the acceleration imparted to the 
Earth by this opposite force is negligible in comparison to the object's.  
Therefore, the gravitational force that acts on human beings at the Earth’s surface 
is the result of the interaction between Earth and the human body. 
 
When in Earth orbit, objects have mass but no weight: for example, the 
astronaut’s body is still acted on by gravity, but much more weakly because of the 
distance. This condition is called weightlessness and Space crews experience it on 
board of spacecraft while orbiting around the Earth, in a microgravity 
environment. 
In fact, we talk about microgravity whenever an object is in free fall and the set of 
forces of gravitational origin to which it is subjected to have a very small 
resultant, compared to Earthly force of gravity.  
Microgravity is defined as circa 10
-6 g, so, accordingly to Newton’s law, it would 
require significant distance between the two interacting masses (about 6,37 x 10
6
 
km). Typical orbit altitude for Space flights is approximately 300 km above Earth 
and the gravitational field is still quite strong in this region. In fact, about 400 km 
above Earth, the gravitational field is 88.8% of its strength at the surface 
(science.nasa.gov). 
Then, how come we speak about microgravity when referring to low-orbit Space 
flights? The answer lies within the fact that gravity keeps in orbit spacecraft and 
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that centrifugal force counterbalances its centripetal acceleration, causing a 
resultant force between 10
-3
 and 10
-6
 (Klaus, 2011).   
But microgravity can also be experienced during few seconds in parabolic flights 
or simulated on Earth thanks to apposite bioreactors, such as the RWV (Rotating 
Wall Vessel).    
 
 
 
1.2 How animals cope with gravity 
 
 
Gravity operates continuously on every living entity on Earth since the dawn of 
life and it is considered one of the essential life-shaping environmental factors.  
In fact, gravitational acceleration has been a constant factor throughout the 
biological evolution of terrestrial life and it is thought to have played a significant 
role when the first land species appeared.  
Effectively, as species began to populate the land, more complex systems for 
balance, fluid regulation, gravity sensing and locomotion were required. 
These organisms experienced the gravitational loading for the first time and had to 
deal with this physical constraint. In response to this evolutionary pressure, most 
organisms evolved structures to sense gravitational force and incorporated its 
influence into their behavioral repertoire (Beckingham et al., 2005).  
Various structures were developed to perceive gravity and respond to it, from 
unicellular organisms to Vertebrates, in addition to the biological systems 
achieved to oppose to the force of gravity, such as the skeleton and weight-
bearing musculature.  
The main challenges were represented by body size, directed locomotion, 
maintenance of equilibrium and they have been overcome thanks to the 
development of elaborate anti-gravity system that permitted to counter the 
gravitational load. 
 1. Introduction 
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Obviously, adaptation to gravity varies in relation to animal’s particular lifestyle 
and behavior; bipedal walking, for example, has been an additional challenge to 
cope with the force of gravity. Vertical position implies the requirement of more 
sophisticated systems for postural control and equilibrium, locomotion and fluid 
regulation (Holton, 2003).  
 
But gravity has not only represented an evolutionary challenge to surmount. 
In fact, living beings, including the earlier forms of life, learnt to exploit gravity 
as an useful cue for spatial orientation, equilibrium maintenance and postural 
control, since the gravity vector is constant and has a fixed direction. 
 
 
 
1.2.1 Adaptive mechanisms to counter gravity 
 
 
When life evolved from the sea, the influence of gravity on the environment is 
probably a major contributor to the biological changes that occurred. 
First land species were forced by this evolutionary pressure to adapt to Earth’s 
gravitation and consequently they developed a series of achievements in order to 
counter gravity and cope with it. 
In fact, this condition imposed size limits and anti-gravity systems were required 
to exit from water and grow larger, keep form and develop a directed locomotion 
(Anken et al., 2002).  
Growth limit has not only been a problem to multicellular species, but even to 
single cells, which were exposed to internal sedimentation. 
The main countermeasures to avoid this risk were protoplasmic motion, thin and 
elongated shape of the cell body, increased cytoplasmic viscosity, and a reduced 
range of specific gravity of cell components (Moroz et al., 1984).  
For multicellular animals, the acquisition of a skeletal structure has been a 
fundamental pre-requisite to turn from the aquatic habitat to terrestrial life. 
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The skeleton, in fact, allowed the insertion of muscles and was required for a 
directed locomotion: in this way, first land species could keep their form, grow 
larger and execute those movements aimed, for example, at predation or escaping 
from predators.  
Among anti-gravity system that permitted to counter the gravitational load there 
are also weight-bearing muscles.  
Moreover gravity has influenced body fluid distribution, circulation and 
hydrostatic pressure, since fluids tend to settle into the lower part of the body.  
An additional challenge was represented by vertical position in bipedal animals: 
in fact, they required more complex systems for postural control and balance, 
gravity sensing, locomotion and fluid regulation (Holton, 2003).  
It is easy to be understood that adaptation to gravity varies in relation to animal’s 
particular lifestyle, behavior and habitat.  
The position of internal organs and their size seems to be influenced by gravity, as 
suggest by the study of different types of snakes. This consideration underlines 
the role that gravity might had in evolution. 
The presence of the continuous load stimulus influenced particularly fluid 
distribution and hydrodynamics of the circulation (Anken et al., 2002). 
 In fact, many adaptive countermeasures provided for modifications at this level, 
as confirmed by experiments about the position of the heart in different types of 
snakes. 
As an instance, Lillywhite et al. noticed that the heart of the tree snakes was 
closest to the brain, compared with heart location in land and sea snakes (Fig. 2).  
Therefore, tree snakes are more tolerant to gravitational loading and they do not 
have to carry their blood over a great distance from the heart to the brain. 
Thus, particular anatomical organizations evolved in relation to gravitational 
stress and vascular characteristics may vary depending on how tall or elongated an 
animal is. The role of gravity as a life-shaping force is confirmed. 
Nevertheless, gravity did not only act as a factor of physical restriction. What 
comes next is a series of examples where gravitation is used as a source of cues 
for spatial orientation. 
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1.2.2 Gravity sensing systems 
 
 
Living beings evolved specialized receptors and sense organs in order to use 
gravity as a constant environmental factor for orientation of posture and 
movements and balance. 
As an instance, we constantly get information about the location of our body 
centre of mass and the relative position of our body parts. All of this is possible 
thanks to the capability of integrating visual signals and the information from our 
vestibular apparatus with the ones coming from the sense of touch, our joints and 
muscles (White, 1998). 
Mechanism to respond to the gravitational vector are present in both unicellular 
and multicellular organisms, going from mechano-sensitive ion channels in 
Ciliates to statocysts in Cnidaria or macula of the Vertebrates. 
Figure 2. Effect of gravity on 
organ position in three different 
species of snakes. 
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The perception is usually based on the fact that specialized sensory organs or cells 
(statocysts) contain statoliths or “heavy bodies” that change their position in 
relation to animal movements. In those plant cells called statocytes an analogous 
mechanism uses specialized amyloplasts that sediment according to the gravity 
vector (Perbal et al.,2003). 
The following figure groups different gravisensing systems which are typical of 
different species and that are going to be discussed later on (Figure 3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.2.2.1 Unicellular animals 
 
 
 
1.2.2.1 Unicellular animals 
 
Unicellular eukaryotic organisms require mechanisms for cell spatial orientation 
and swimming speed adjusting, thanks to which they can successfully cope with 
gravity.  
Figure 3. Graviperception in biological systems. Clockwise from top left: biological 
membranes can respond to the gravity vector. Plants and most animals use statoliths, most 
vertebrates have the macula; whereas arthropods use body extensions to perceive gravity. 
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For example, gravikinesis in Paramecium is regulated by a pressure gradient 
between the membrane and the aqueous medium when the animal swims 
horizontally, whereas when its direction is vertical mechano-sensitive ion 
channels opening or closing give information about its spatial position (Moroz et 
al., 1984).  
The presence of intracellular “heavy bodies” is not a prerogative of multicellular 
organisms, since some ciliates have the so called “Müller bodies” organelles that 
function as gravity sensors. By changing their position, they may deform ion 
channels on the cell surface and mediate a mechanotransduction response, as 
observer by Fenchel et al. in 1984. 
 
 
1.2.2.2 Multicellular animals 
 
All multicellular animals who exhibit an active locomotion use statoliths or 
otoliths for the conversion of an acceleration into a body-own signal (Anken et al., 
2002). 
These structures are calcium carbonate particles that orient themselves towards 
the direction of Earth gravity and can be localized in specialized organs, such as 
the inner ear of the vertebrates, or body extensions (sensilla of insects).  
In many invertebrates, these “heavy bodies” are contained in a fluid-filled sac 
called statocyst and stimulate sensory cells: this strategy indicate the position 
when the animal moves. 
For example, in cnidarian jellyfish there are many statocysts located around its 
mantle. Sensory cells are stimulated and transmit the information to a nerve ring. 
The comb jelly (Ctenophora) only has one statocyst, since its body symmetry is 
bi-radial. 
More complex gravity sensing organs can be found starting from Arthropods. 
Their club-sahped sensilla contain calcium carbonate inclusions called statoconia 
that act on hair cell-like neurons; gravity pulls the statoconia down causing an 
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increase in membrane conductance to Na
+
, so that an action potential can be 
generated (Beckingham et al., 2005). 
In all animals exhibiting a central nervous system there is always a close 
relationship between highly developed sense organs and specialized brain regions. 
Especially in vertebrates this fact is particularly evident. 
The vestibular apparatus is the sensory system that allow vertebrates to perceive 
angular (semicircular canals) and liner acceleration (utricle, saccule) and it is 
localized in the inner ear. The brain integrates vestibular information  with visual, 
proprioperceptive and tactile cues  in order to provide spatial orientation and 
equilibrium.  
The mechanosensitive structure is represented by the macula, which contains 
otoliths whose dislocation causes shearing forces on the ciliary bundles of the 
sensory hair cells (Fig. 4).  
Cellular ion current is altered by these shearing forces and an action potential 
transmit the information to the brain by nerve fibers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Macula in the inner ear. Cilia from the hair 
cells are embedded in a gelatinous matrix of the 
otolithic membrane. 
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1.3 Gravisensing and  
mechano-transduction in cells 
 
 
After discussing the adaptive aspects to gravity, it’s time to focus on the 
mechanisms used by cells to respond to mechanical inputs. 
What comes next is a brief insight in architectural and molecular basis of 
mechano-transduction at a cellular level. 
Single cells have the capacity to integrate mechanical signals with other 
environmental stimuli and transduce everything into a biochemical response. 
Recent studies, including the ones performed in microgravity, confirmed that 
physical forces such as gravity, compression, shear, tension and pressure can 
influence cell growth and tissue remodeling (Puca et al., 2012).  
As an instance, changes in focal adhesions, cytoskeletal organization and in gene 
expression are major responses of endothelial cells to shear stress, as shown by 
Tzima et al. in 2002. Mechanical stresses can also alter the processes of 
differentiation and secretion, signal transduction and gene expression. 
 
There are many indications that the cytoskeleton represents the basis for 
mechano-perception and gravisensation. Yet, it is not completely clear how a 
physical signal is converted into a biological and chemical output.  
The cytoskeleton is an organized network of three primary protein filaments: 
microtubules, actin filaments and intermediate fibres. These filaments are 
interconnected by hundreds of associated accessory proteins that also regulate 
their functions. In fact, by disrupting the interaction with these proteins, signal 
pathways and cell growth may be severely impaired. 
Since the cytoskeleton is a linkage between the nucleus and the external 
membrane, it plays a crucial role in proliferation, metabolism and signal 
transduction. 
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Besides its well-known functions of maintaining cell shape, regulating cell 
motility and permitting the chromosome segregation, the cytoskeleton also forms 
a sensing network for mechano-transduction (Hughes-Fulford, 2003).  
In fact, most cells appear to exhibit cytoskeleton changes when first exposed to 
microgravity. In particular, microtubules and F-actin seem to be the most affected. 
Apoptosis rates also may increase as a reaction of some cell types to the changing 
gravitational load. In effect, cell cycle is dependent on the cytoskeletal filaments 
and whenever their structure is altered cell growth can be blocked.  
These evidences demonstrate that the cytoskeleton may function as a mechanical 
sensor, capable of signaling an alteration of gravity to the cell which will then 
active an adaptive response (Crawford-Young, 2006). 
 
Living cells are anchored to insoluble ECM (extracellular matrix) scaffolds that 
stabilized all living tissues and are also interconnected with surrounding cells.  
The cytoskeleton is physically coupled to the ECM by cell surface receptors, 
called integrins, and this localized adhesions sites are known as focal adhesions 
(FAs). 
A role for these molecules in mechano-perception has been confirmed by 
experiments in both animal and plant cells: by interfering with integrin binding, 
mechanosensing and gravitropism are respectively inhibited  (Ingberg, 1997).  
This results support the hypothesis that adhesion receptors may also function as 
mechanoreceptors, transmitting these stimuli across the cell surface over a specific 
molecular pathway.  
FAs contain clusters of transmembrane integrins, which are heterodimeric 
proteins comprised of different α and β subunits. There are more than 20 different 
types of each chain and  the specific combination of the different subunits defines 
the molecular binding specificity.  
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In addition, the FAs contain multiple actin-binding proteins, such as talin, 
vinculin, α-actinin and paxillin, that also interact with the cytoplasmic tail of the 
integrin and thereby form a molecular bridge that stretches continuously from 
ECM to the internal cytoskeleton. Intermediate filaments also may insert on these 
adhesion complexes in certain cells. 
When forces are concentrated within the focal adhesion, clustering of dimeric 
(α,β) integrin receptors is stimulated and the recruitment of the focal adhesion 
proteins mentioned above (vinculin, paxillin, talin ) is induced. 
Forces applied to this specialized cytoskeletal adhesion complex activate integrin-
associated signaling cascades, as shown in Figure 5. Among others, this pathways 
include such protein as focal adhesion kinase (FAK), extracellular signal-
regulated protein kinase (ERK), Shc, Rho, mDia1, caveolin-1 (cav-1), CD47, 
heterotrimeric G-proteins, adenylate cyclase (AC) and protein kinase A (PKA). 
Figure 5. Mechanotransduction through integrins. A schematic diagram of how 
forces applied via the ECM (A) or directly to the cell surface (B) travel to integrin-
anchored focal adhesions through matrix attachments or cytoskeletal filaments, 
respectively. 
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FAs, thus, represent a potential site for translating mechanical stimuli into 
biochemical responses (Ingber, 2003). 
 
Furthermore, mechanical stresses not only are transferred to adherent cells 
through their contacts with the ECM, but also through their junctions with 
neighbouring cells.  
These junctional complexes are mediated by cadherins. Together with selectins, 
these transmembrane cell-cell adhesion molecules use some of the same actin-
associated proteins (e.g. vinculin, α-actinin) to physically couple to the actin 
cytoskeleton. Specialized cytoskeletal linker proteins, known as catenins, also 
interconnect cadherins to the actin filaments within adherens junctions at the 
lateral cell borders. 
 
All the transmembrane  proteins mentioned so far (integrins, cadherins, selectins) 
are families of CAMs (cell adhesion molecules) and are thought to have a role as 
mechanoreceptors, since all the mechanical forces (external and cell-generated 
ones) converge on these localized adhesion sites. 
An interesting model that is based on the assumption that cell are physically built 
to respond immediately to mechanical stress is described below. It is the 
tensegrity model and explains how cells stabilize their form. 
 
 
 
1.3.1 Tensegrity 
 
 
Cell are able to sense mechanical stresses, including those due to gravity, through 
changes in the balance of forces that are transmitted across transmembrane 
adhesion receptors that link the cytoskeleton to the extracellular matrix and to 
other cells (e.g., integrins, cadherins, selectins).  
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The mechanism by which these mechanical signals are transduced and converted 
into a biochemical response appears to be based, in part, on the finding that living 
cells use a tension-dependent form of architecture, known as tensegrity, to 
organize and stabilize their cytoskeleton (Ingberg, 1999).  
The tensegrity model, in fact, predicts that cells are hard-wired to respond 
immediately to mechanical stresses: this inputs are transmitted over cell-surface 
receptors that physically couple the cytoskeleton to the extracellular matrix, like 
integrins, or to other cells, like cadherins. 
A tensegrity structure is based on a series of compression-resistant elements, 
represented by the white struts in Figure 6.A, that can resist the pull of 
surrounding tensile elements, the black cables. This structural organization 
implies a prestress that stabilized the entire network, as pointed out by Ingberg in 
his review on cellular mechano-transduction, 1997. His experimental findings 
proved that cells use tensegrity for their organization and have internal filaments 
that can be globally reoriented in response to a localized stress. This structural 
propriety is a peculiarity of tensegrity model, due to the interconnection of the 
internal structural elements. 
A cell model that follows the tensegrity architecture is built from sticks and 
strings and is shown in Figure 6.B.  
The idea that such a model wishes to convey is that both living cells and their 
nuclei are hard-wired: cell surface receptors (e.g. integrins) are physically and 
functionally connected to the cytoskeletal filaments and to nuclear scaffolds. 
In this way, a mechanical stress applied on the cell surface can be transferred into 
the depth of the cell over specific molecular pathways. 
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In the model, cells generate their own internal tension or prestress in the actin 
cytoskeleton, which is balanced by internal microtubule struts (load-bearing 
compression elements) and external ECM adhesions. In other words, adherent 
cells exist in a state of isometric tension, and any external mechanical load is 
imposed on a pre-existing cellular force balance (Ingber, 2003).  
The cellular response to stress may differ depending on the level of tension in the 
cell. 
In conclusion, tensegrity model is a mechanical paradigm which predicts that 
living cells and nuclei are built to sense mechanical stresses applied to specific 
cell surface receptors and to immediately respond to them. 
Even though this model does not explain the chemical behaviour in the cell, it 
does provide the mechanism by which the cytoskeleton responds to changes in 
mechanical stimulation. 
 
 
 
 
Figure 6. A) An example of a tensegrity structure.  B) Tensegrity model 
applied to the behaviour of nucleated cells. 
A) B) 
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1.4 What happens to life when gravity 
changes 
 
 
So far we have discussed about the mechanisms used by animals and cells to 
sense and cope with gravity, since all living organisms have always been exposed 
to it.  
As a matter of fact, we use gravity in our daily life without even thinking about it: 
we have developed an evolutionary “1-g mentality”. A life without gravity is 
something difficult to imagine.  
What happen then when gravity is altered? This paragraph will try to answer this 
question, globally analyzing how cells and animal models respond to this 
abnormal condition.  
When talking about altered gravity (Δg) we refer to both to hypergravity (hg) and 
microgravity (µg). The former is defined as the condition when 
the force of gravity exceeds that on the surface of the Earth and it is greater than 1 
g.; the latter indicates the state of a body such that the set of forces of gravitational 
origin to which it is subject to have a very small resultant compared to Earth-
normal gravity (1 g).  
In particular, we will focus on the  influence of microgravity on biological 
systems.  
A separate section concerning the effects of the absence of gravity on the human 
body will come soon after. 
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1.4.1 Altered gravity conditions  
 
 
Many experimental studies have been conducted in altered gravity 
conditions, in order to investigate how changing gravity vector might affect 
the behavior as well as the development of different animal models. 
There are several methods to generate a Δg environment for research 
purposes. For example, microgravity is obtained by the following methods 
(www.microgravity.com): 
 
1. Drop tower. The payload is simply dropped off the top of the tower and 
allowed to fall. This can provide 2 seconds of microgravity. 
2. Airplane parabolic flight. The semi-famous example is the NASA Vomit 
Comet which is also used to train astronauts to work in a microgravity 
environment. This method can provide 25 seconds of microgravity 
(Figure 7). 
3. Sounding rocket. The rocket goes up and comes down in the same 
general vicinity, never getting into orbit. Today's sounding rockets can 
provide between 3 to 9 minutes of microgravity. 
4. Space flight. Days of microgravity can be achieved by putting a payload 
in orbit with the Space Shuttle or by having commercial payloads on the 
International Space Station. 
 
 
 
 
 
 
 
 
 
Figure 7. Trajectory of the NASA Vomit 
Comet , showing parabolic fight 
maneuveres.  
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Space missions imply exposure to a number of important, complex and sequential 
stimulations, such as strong acceleration during launch, microgravity during 
flight, cosmic radiations, mechanical vibrations, pressure changes and altered 
magnetic fields. For this reason,  Space-flown animals or cells are often divided 
into two clusters: a µg test group (inflight) and a 1g control group (on board 
centrifuge), so that it is possible to discriminate the effects of microgravity from 
the effects of other concurrent factors. In any case, ground controls are always 
present.  
Despite that, the majority of the experiments on cell cultures are performed under 
simulated microgravity conditions, for practicality reasons. By using special 
bioreactors that continually randomize the direction of the gravity vector, it is 
possible to model a µg environment. 
On the other hand, hypergravity conditions can be achieved through the support of 
specific centrifuges, such as MediCAR (Versari et al., 2007). The duration and the 
intensity of the exposure can be set to desired values. 
But hg can also be experienced in another way: for example, during the ascending 
and descending phases of the parabolic flight the pull of gravity is increased to 1,8 
g . In addition, astronauts are exposed to hypergravity both at launch (3,2 g) and 
reentry (1,4 g) from Space missions (science.nasa.gov).  
 
 
 
1.4.2 Cells cultures 
 
 
Even though physicians predicted that altered gravity would have not caused any 
changes in cells, since it is an extremely weak force, various modification have 
actually been reported at a cellular level. 
Adherent cells, in fact, have a mechanosensing system that is necessary to 
perceive signals generated by gravitational loading and, when gravity changes, 
they are consequently influenced. 
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The main alterations found in cells exposed to these conditions concern cellular 
metabolism, gene expression and cell architecture. Changes in cell shape, nuclear 
morphology, in the position of organelles and mitochondria clustering are some of 
the most frequent events that occur, for example, when cells are exposed for the 
first time to microgravity (Crawford-Young, 2006).  
These variations are ascribable to cytoskeleton disorganization, due in particular 
to microtubules polymerization impairment. As a result of the effects of 
microgravity on cytoskeleton organization, apoptosis rates may increase and 
signal transduction pathways may be altered. 
Moreover, the exposure to Δg generally implies a unique gene expression pattern 
and changes in level of mRNA expression are frequently recurring.  
By screening a subset of secreted proteins, Dieriks et al. found at least 20 proteins 
showing a significant increase or decrease in Space-flown HDF (human dermal 
fibroblasts) and HGPS (Hutchinson-Gilford progeria syndrome) fibroblasts.  
There is to say, though, that some molecule levels are altered by microgravity, 
whereas others are modified by cosmic radiations and yet others experienced 
changes due to the combined effects.  
Among all cell types, endothelial cells have been reported to be extremely 
sensitive to variations in gravity vector. A common response to both hypergravity 
and hypogravity is an increase of nitric oxide synthesis, which is considered an 
adaptation of the human endothelium to altered gravity conditions (Versari et 
al.,2007). What needs to be specified is the fact that the effects of both 
microgravity and hypergravity may vary depending on the cell type, the species 
and the duration and intensity of the exposure. 
Cultured cells from musculoskeletal system show a variety of different responses 
when exposed to Space flight: from delayed differentiation and changes in gene 
expression to imbalance in protein metabolism. In fact, an increase in protein 
degradation and a decrease in protein synthesis represent the major causes of 
skeletal muscle atrophy and size reduction in microgravity.  
A functional adaptation of skeletal muscle is the µg-induced fibres type shift 
(Bagley et al., 2012): muscle fibres shift from slow to fast, affecting the whole 
muscle performance and its metabolism. 
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The absence of load-bearing forces considerably influences bone cell too. 
Nabavi at al. found in 2011 that osteoclast differentiation and their activity were 
enhanced, whereas osteoblast integrity maintenance failed. In fact, exposure to 
weightlessness severely impacted cellular structures, like cytoskeleton, nucleus 
and adhesion sites. For example, an altered organization of acetylated 
microtubules, focal adhesion number reduction and an increase in fragmented and 
condensed nuclei were some of the main damages observed in osteoblasts. 
This imbalance in bone turnover is responsible for the bone loss that occurs 
during Space flight. A higher number of studies, though, are based on simulated 
microgravity conditions, because of the complexity of real microgravity 
experiments.   
Also hypergravity has been reported to affect osteoblast-like cells by stimulating 
their proliferation  and suppressing their differentiation (Miwa et al., 1991).  
In altered gravity, it has also been noticed that cells may show an increased 
susceptibility to genotoxic agents (Wise et al., 2010), which suggests that risks of 
exposure to astronauts in Space are greater than on Earth. 
In addition, the extracellular environment feels the effect of the altered gravity 
conditions too (Morey-Holton, 2003). Therefore, Δg might affect cells indirectly, 
via their external environment by causing changings in sedimentation, convection, 
nutrient availability and waste removal. 
In fact, it is likely that the altered physical force leads to an altered chemical 
environment, that may give rise to a likewise altered physiological cellular 
response. 
In summary, cells may be influenced to a variable extent and at different levels by 
changes in gravity and adopt various mechanisms to respond to them.  
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1.4.3 Animal models 
 
 
The contribution of animal research to human Space missions is huge, since 
animals preceded human beings in Space as pioneers; at the beginning, in fact, 
there was the need to demonstrate that Space flight was safe and survivable 
(Morey-Holton et al., 2007).   
In November 1957, the Russians sent into low Earth orbit the dog Laika and then, 
between 1960 and 1961, also other six dogs. These flights paved the way for the 
launch of Yuri Gagarin in April 1961. 
Animal research in Space evolved from these survival missions to complex 
scientific investigations that aimed at characterizing the molecular mechanisms of 
adaptation to microgravity. Many developmental studies have also been 
conducted, especially using amphibians.  
A wide range of responses has been reported by exposing animal models to 
altered gravity conditions; their degree of tolerance generally depends on the 
species, the developmental stage, the duration and the intensity of the stimulation. 
Even within the group of the invertebrates, a varying adaptability towards gravity 
has been noticed, due for example to their different lifestyle (Anken et al., 2002). 
 
Why study animal response to Δg? Due to the homology of the morphological and 
physiological systems, those data obtained using vertebrate animals can widely be 
transferred upon the conditions given in humans. In addition, by investigating 
how animal differentiation and behavior are affected by changes in gravity it is 
possible to estimate the role that gravity would have had in shaping life on Earth 
during evolution.  
This section will focus on the effects of decreased gravity on development, 
behaviour, physiology and gene expression of some animal models, both 
invertebrates and vertebrates. Hypergravity has been excluded from this 
dissertation, because of the limited number of studies cornering it, compared with 
the ones regarding the effects of microgravity.  
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1.4.3.1 Embryogenesis and development 
 
Space flight studies with tadpoles, birds and rats suggested that gravity may have 
a crucial role in animal development.  
The most elegant developmental biology experiments in Space used the 
amphibians as a model. Salamanders and frogs were tested for egg maturation, 
fertilization and embryonic development in microgravity conditions. 
These experiments proved that vertebrates can normally ovulate in Space and that 
egg fertilization is not altered.  
On Earth, amphibians egg rotation was considered to be necessary for normal 
development, but in Space this rotation is not a fundamental requisite. In fact, 
Souza et al. (1995) noticed that normal Xenopus laevis tadpoles emerged from 
non-rotated eggs and matured into normal frogs. 
Even though embryogenesis appeared normal, some morphological alterations 
were present: early cell divisions were oriented more towards the vegetal pole, the 
blastocoel roof was thickened and the blastopore was located more toward the 
animal pole. Moreover, the µg-exposed tadpoles failed in inflating their lungs 
(Fig. 8). 
On the other hand, Space-flown salamander Pleurodeles waltl showed problems 
with neural tube closure and microcephaly, that were absent in 1-g inflight 
controls (Gualandris-Parisot et al., 2001).  
 
In rats, fertilization occurred but females failed to become pregnant because of the 
resorption of pre-implantation embryos. Space-flown two-cell stage mice embryos 
experienced a development arrest followed by death, as noted by Shenker and 
Forkheim in 1998. In addition, the presence of the biomechanical loading of 
gravity seems to be crucial for post-natal development of motor function. 
For what concerns birds, microgravity-exposed quails had a normal 
embryogenesis, but serious problems in their behaviour seemed to occur after the 
hatching. However, some evidences indicated that delayed or improper vascular 
development might happen during SF (Henry et al., 1998). 
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Experiments with invertebrates have also been performed, but their overall 
morphogenetic development doesn’t seem to be heavily impaired by microgravity. 
In sea urchin, though, µg showed a negative effect on the efficacy of the 
fertilization process (Steffen et al., 1992). 
In conclusion, altered gravity may cause various impairments in animal 
development, from fertilization to hatching, although it is difficult to compare 
variations among a broad range of species.  
 
 
 
 
 
 
Figure 8. Comparison between 0-g and 1-g inflight control Xenopus embryos. In the 0-g 
embryos, an extra cell layer was noted. In the tadpole, the lung buds did not appear to inflate.  
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1.4.3.2 Behaviour 
 
The so-called “microgravity syndrome” that affects astronauts’ vestibular 
apparatus also has consequences on Space-flown animal models, which frequently 
show behavioural alterations.  
Fishes, for example, show an abnormal swimming behaviour based on spinning 
and disoriented movements when exposed to microgravity environment (Anken et 
al., 2002). This reaction is probably due to the fact that there are no weight 
differences in the otoliths from one side of the body to the other.  
Analogous disorientation was found in hatchling quails, that started to spin around 
trying to orient and were not able to eat, if not fed by the crew.   
The biomechanical loading of the force of gravity seems to be essential for these 
birds for innervation of certain structures in order to avoid free floating. 
Some critical developmental periods that require a biomechanical loading exists in 
the rat too. This simulation is essential to give cues to nerves that have to 
innervate limbs muscles. In fact, in the absence of gravity, limb innervation 
develops abnormally and the rat shows an altered locomotion (Morey-Holton et 
al., 2007). Impaired righting reflex was also observed in neonatal rats exposed to 
microgravity. In addition, non-terrestrial gravity conditions can evoke depressive-
like behaviours. 
 
 
1.4.3.3 Physiology  
 
Most of the studies concerning the effects of microgravity on animal physiology 
use the rat as a model, because of its similarity to human.  
However, Marcu et al. based their work on the characterization of the innate 
immune system in Drosophila, since it is simpler and shares many similarities 
with human innate immunity at a molecular level. They found that Space flight 
impairs both the cellular and the humoral immune responses in the fruit fly, by 
reducing larval plasmatocytes activity and number; moreover the phagocytosis 
activity against bacteria resulted delayed. 
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Getting back to vertebrates, Space-flown rats have reported a variety of alterations 
in response to the dramatic decrease of gravity: severe damages to endothelium, 
skeletal muscle and bone are the most frequent ones. But retarded wound healing 
and impaired growth factor response have also been noticed (Davidson et al., 
1999). 
The centrality of the endothelium in altered physiology of rat muscles was 
underlined by Riley’s experiments in 1990. He showed that skeletal muscle 
weakness associated with SF could result from muscle fibres atrophy, motor 
denervation and disruption of the microcirculation, suggested by extravasation of 
red blood cells. There is to say, though, that only weight-bearing muscles 
exhibited necrosis, reduced contractile activity and motor nerve degeneration. 
This is because the musculoskeletal system has evolved on Earth to allow 
locomotion in a gravity field. 
This consideration is also valid for bones, whose major changes in altered gravity 
are: bone loss as a result of a decreased rate of mineralization, suppression of bone 
formation and a higher rate of resorption, obstruction of blood vessels with debris 
and impaired fracture healing. During Space flight, Wronski and Morey noted 
changes in bone strength in both fore limbs and hind limbs of growing male rats, 
as schematized in the figure below (Figure 9).    
Other recent studies have demonstrated that microgravity is responsible for 
decrease of vasoconstrictor responsiveness in mouse skeletal muscle (Stabley et 
al., 2012); this event may contribute to lower peripheral vascular resistance and 
less tolerance of orthostatic stress, which is frequently observed in astronauts too. 
Vascular dysfunction may also be involved in cognitive impairment caused by 
changes in gravity, through the modification of brain perfusion (Porte et al., 
2012). 
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1.4.3.4 Gene expression 
 
Lastly, many experiments based on full genome microarray analysis have been 
carried out, using the RNA extracted from animals recovered from Space 
missions. The goal of these studies is to point out possible large-scale changes in 
gene expression levels in response to microgravity and to indicate if there are 
some genes displaying identical changes between different species. 
For what concern the first issue, it has been showed that multicellular organisms 
respond to alterations in gravity by modifying the expression levels of a relatively 
large subset of genes.  
Nikawa et al. examined  the expression of  approximately 26,000 gastrocnemius 
muscle genes in Space-flown rats and observed numerous transcriptional 
alterations in skeletal muscle cells. This phenomenon might explain skeletal 
muscles vulnerability to marked atrophy under microgravity conditions. 
Comparison of the changes in gene expression among Space flight, tail-
suspended, and denervated rats revealed that such changes were unique after SF 
Figure 9. During space flight, changes in structure 
and strength have been noted in both the fore limbs 
and hind limbs of growing male rats. 
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and not just an extension of simulated weightlessness. The microarray data 
showed two Spaceflight-specific gene expression patterns: 1) imbalanced 
expression of mitochondrial genes with disturbed expression of cytoskeletal 
molecules, including putative mitochondria-anchoring proteins, cytoplasmic 
dynein and 2) up-regulated expression of ubiquitin ligase genes, codifying for 
rate-limiting enzymes of muscle protein degradation.  
Distorted expression of cytoskeletal genes during Space flight resulted in 
dislocation of the mitochondria in the cell. This event may have deleterious effects 
on muscle fibres, leading to their atrophy. 
Several oxidative stress-inducible genes were highly expressed in the muscle of 
Space flight rats as well.  
Another group recently focused on the study of the effects of long-term exposure 
to microgravity on the expression of genes and proteins in mouse brain (Santucci 
et al., 2012). Spaceflight-related changes have been reported in both gene and 
protein expression; those genes found to be up-regulated were involved in the 
immune and inflammatory response and in metabolic pathways, whereas many 
down-regulated genes codified for mitochondrial functions and oxidoreductase 
activities. Up-regulated proteins were related to mitochondrial metabolism, 
synthesis and hydrolysis of ATP, calcium/calmodulin metabolism and transport of 
proteins; most of the down-regulated proteins were involved in mitochondrial 
metabolism as well. Moreover, they noticed a reduction in NGF (nerve growth 
factor) levels in hippocampus and cortex of Space-flown mice, if compared with 
ground controls.  
In conclusion, microgravity implies a unique pattern of gene expression since 
some of the changes that occur during Space flights are expressly due to the 
altered gravity conditions. 
 
Are there any genes whose expression varies in a similar way among different 
sequenced species? To answer this question, Leandro et al. performed a 
comparative analysis in 2007 of Drosophila melanogaster and Caenorhabditis 
elegans gene expression. These two species were sent to the ISS and, once back 
on Earth, their RNA were extracted and hybridized with the one from the ground 
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controls; then they made the comparison between the two species and found out 
that there was only a little overlap. In fact, only 6 genes out of 2286 showed 
identical changes between the two experiments. Along these lines, they concluded 
that their study failed to identify a common set of genes involved in the response 
to the Space environment for the two main invertebrate model systems, even 
though the fact that SF is able to modify gene expression patterns remains 
undisputed. 
 
 
 
1.5 Pathological aspects of weightlessness 
on human body 
 
 
The human body is uniquely designed to live in Earth’s gravity; it is a force our 
bodies have to work against, which acts continuously on our cells, tissues and 
organs. By removing the force of gravity over the duration of a long-term 
microgravity Space flight, human bodies undergo dramatic changes. In fact, the 
body begins to adapt to the microgravity environment and, even though there are 
many factors affecting human health during SFs, weightlessness is the dominant 
and most important one (White, 1998).  
Research on astronauts has shown that body function is disturbed in microgravity; 
weightlessness affects multiple physiological systems, in particular fluid flow, 
balance and support structures. Many of the changes that take place in healthy 
people during SF are outwardly similar to the effects of the aging process or 
sedentary lifestyle on Earth. 
But the effects of microgravity are also simulated on Earth by those situations 
characterized by the absence of gravitational loading, such as prolonged bed rest, 
immobilization and lower limb suspension (de Boer et al., 2008). 
Astronauts have to deal with many physiological changes and health problems, 
that have both short term and long term effects. In fact, when returning from 
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Space missions, humans require an extensive recovery period; this might suggest 
that adapting to a lower gravity regime is easier than adaptation to a higher gravity 
environment. Once again, it is important to remember that the effects of 
microgravity do not completely coincide with the ones of the Space travel, since 
microgravity is only one of the implied variables. 
This section provides a detailed introduction to how the human body reacts to life 
in Space, separating the short term effects of weightlessness from the long term 
ones. 
 
 
1.5.1 Short term effects 
  
 
 Cardiovascular system 
On Earth, the cardiovascular system circulates fluids through the body, working 
against gravity to prevent blood from pooling in the legs and bringing blood to the 
brain. In microgravity the cardiovascular system doesn’t work as hard, because 
fluids no longer flow back down naturally by gravity.  
What happens is that fluids shift from the lower body to the trunk, the heart rate 
increases and blood pressure rises. Astronauts experience “puffy faces”, 
headaches, nasal congestion and skinny “bird” legs as a consequence (Morey-
Holton, 2003). Direct measurements of leg volumes have shown that each leg 
loses about one liter of fluid within the first day. The legs then stay smaller for the 
whole time in Space.  
On Earth, both arterial and venous pressures can increase by approximately 100 
mmMg in the feet; at locations above the feet but below the heart, the pressure 
increases by zero to 100 millimeters of mercury. Above the heart, arterial and 
venous pressure fall below atmospheric pressure. 
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This hydrostatic effect can affect the distribution of fluid within the body by 
increasing the amount of blood that leaks from capillaries into the interstitial 
space. Going from a prone to a standing position moves fluid into the lower part 
of the body and reduces the flow of blood back to the heart, as shown in figure 10.  
In Space, the hydrostatic pressure disappears, causing fluids to redistribute 
naturally from the lower to the upper body. As fluid moves around, the body 
adapts by further redistributing water among its compartments and plasma volume 
decreases rapidly by nearly 20%.  
This fluid shift causes multiple systemic alterations too, such as the increase in 
renal filtration rate. Over time, this could lead to cardiovascular deconditioning 
syndrome, whose symptoms include a decrease in the size of the heart, 
impairment of vasomotor function and venous compliance.  
The NASA Human Integrated Research Program in 2007 demonstrated that Space 
travel was responsible for the following damages to the cardiovascular system: 
compromised cardiovascular performance, occurrence of serious cardiac 
dysrhythmias, cardiac atrophy, orthostatic intolerance and reduced aerobic 
capacity (Convertino, 2009).  
Figure 10. Hydrostatic pressure changes when  a person 
stands up. Pressure increases  with depth below the heart and 
decreases above it. On the contrary, in a prone position 
pressure equalizes . 
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Moreover exposure to a microgravity environment is associated with impairment 
in microcirculatory functions (Coupè et al., 2009). Endothelium plays a crucial 
role in the regulation of vascular homeostasis and local blood flow, which exerts 
shear stress forces at the surface of endothelial cells; a decrease in shear stress in 
vascular lumen impairs endothelial function, resulting in a  reduced vasodilatory 
capacity and increased rate of circulating endothelial cells.  
These events resemble the consequences of prolonged bed rest studies on Earth. 
 
 Space sickness 
Almost 40% of astronauts experience a form of motion sickness in Space. Along 
with nausea and vomiting, symptoms include headaches, malaise and dizziness. 
Caused in part by the blood circulation changes described above, symptoms of 
Space motion sickness usually subside within two or three days as astronauts 
adapt (science.nasa.gov). 
 Vestibular system impairment 
On Earth, a complex set of neural circuits allows humans to maintain balance, 
stabilize vision and understand body orientation in terms of location and direction. 
The vestibular system, within our inner ear, controls eye movements, posture and 
balance and send information to the brain, which integrates these inputs with other 
ones coming from the eyes, muscle and joints and from our sense of touch and 
pressure. In Space, this pattern of information is changed. The inner ear no longer 
functions as designed and this abnormal activity conflicts with brain’s 
expectations (White, 1998).  
Early in the mission, astronauts can experience disorientation, motion sickness 
and a loss of sense of direction. It takes time for the human brain to adjust to new 
points of reference in Space. 
Since the inner ear and muscular sensors seek terrestrial points of reference, 
astronauts must learn to rely on visual cues for balance and orientation. But even 
visual cues can be confusing and these mismatched sensory inputs are the cause of 
the Space Adaptation Syndrome (SAS). 
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Upon return to Earth, they must readjust to Earth’s gravity and can experience 
problems standing up, walking and turning. These disturbances are more profound 
as the length of microgravity exposure increases.  
 
 Skeletal muscle atrophy 
The musculoskeletal system is very sensitive to changes in load, especially those 
structures used to maintain posture. In absence of gravitational loading, there’s no 
need to walk, stand or lift and astronauts experience site-specific changes in 
weight-bearing muscles; extended Space flight implies less load on the leg 
muscles and on the back’s muscles used for posture. As a result, those muscles 
used on Earth for antigravity support are no longer needed for that purpose and 
begin to weaken, lose tone and mass (Fitts at al., 2010).  
In addition, slow-twitch fibres that are useful for support against gravity are 
converted into faster contractile fibres, useful for rapid response (White, 1998).  
These effects are analogous to the ones caused by 5-week bed rest, as 
demonstrated by de Boer et al. in 2008. Prolonged bed rest induces decrease in 
fascicle length, muscle thickness and power in healthy young men. Moreover, 
sarcomeres loss has been noted. 
Also in this case, non-postural muscles are much less susceptible to these 
alterations. In order to help maintain their muscle mass and minimize its 
deterioration, astronauts exercise as often as possible on board of the ISS. 
 
 Changes in red blood cells 
Some evidence suggests that microgravity causes astronauts’ red blood cells to 
change. The red blood cells appear to change shape in space, becoming more 
spherical, and fewer cells populate bone marrow. Cells do return to normal once 
back under Earth-normal gravity, however, even after a long-term mission. 
 
 Compromised immune system 
Studies conducted in Space show that isolation and sleep deprivation may result in 
a weakened T-lymphocyte system, causing compromised immunity. Multiple 
factors, including microgravity, stress, neuroendocrine factors, sleep disruption, 
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and nutritional factors, are involved in altering certain functions of 
the immune system (Sonnenfeld et a., 2003). Astronauts are more prone to 
infection by common and latent viruses as well as microorganisms such as 
bacteria and fungi and may also experience increased allergy symptoms.  
Since the immune system doesn’t adapt under these conditions, humans 
experience an immunodeficiency that is caused by physical and psychological 
stresses involved in Space flight. Such alterations could lead to compromised 
defenses against infections and tumors.  
 
 Back aches 
On Earth, the disks between the vertebrae of the spinal column are slightly 
compressed due to gravity. In Space, the spine is no longer compressed by the 
force of gravity and the back vertebrae separate slightly from one another; 
consequently, astronauts grow up to two inches taller in Space (www.asc-
csa.gc.ca). A side-effect of added height is back aches, which scientists believe 
are caused by the relaxation of back muscles and ligaments.  
 
 
 
1.5.2 Long term effects 
 
 
Re-adjusting to Earth: when Space travelers return to Earth, complementary 
changes occur and their adaptation to Space environment creates some problems. 
A sudden reintroduction of gravity makes the blood in astronauts’ bodies rush 
down, resulting in dizziness and lightheadedness that may cause fainting. 
Moreover they may experience temporary osteoporosis, immunodeficiency and 
anemia (Morey-Holton, 2003). 
Most of the body’s systems return to normal within a few days or weeks, with the 
possible exception of the musculoskeletal system. 
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To help their bodies readjust on re-entry, astronauts can drink salt water to 
increase the volume of fluids in their bodies or potentially use new drugs to 
increase blood pressure. 
 
 Bone loss 
In microgravity, astronauts no longer walk but float. This means that the bones in 
the lower part of the body that typically bear weight experience a significant 
decrease in load bearing: the most dramatic changes occur in the heel bone, 
femoral neck, lumbar spine and pelvis.  
This reduction leads to bone breakdown and a release of calcium, which is 
reabsorbed by the body, leaving the bone more brittle and weak. 
Like osteoporosis on Earth, bone loss in Space can lead to fractures, weakness and 
the release of calcium can also increase the risk of kidney stone formation (White, 
1998). 
On missions outside Earth’s orbit, radiation exposure may also impact bone loss. 
Suppression of bone formation, increased osteoclast activity and decrease in  
osteoblast proliferation and differentiation are the main causes of bone 
deterioration (Willey et al., 2010).  
Exercise in space and upon return can help slow the loss, but it will take two years 
or more of dedicated, consistent training upon return to repair it.   
 
 Temporary anemia 
When returning back on Earth, Space travelers experience a special form of 
anemia caused by the loss of blood plasma  that occurs in Space. This event leads 
to an overabundance of red blood cells, which is eliminated by destroying existing 
red blood cells and stopping their production. 
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 Exposure to cosmic radiations 
Along with solar flares, astronauts are exposed to high levels of ionizing radiation 
during SF. The generation of charged particles following an ionizing event can 
break molecular bonds, generate reactive oxygen species (ROS) and lead to 
biological damage. Long-term exposure to ionizing radiation represent a 
significant concern for astronauts’ health, since it increases the risk of developing 
cancer. In addition, they are also exposed to a higher risk of cataracts, heart 
disease, bone fracture, damage to the central nervous system and brain damage 
(Willey et al., 2012). 
Figure 11. The effects of the Space flight on the human body. Many organs 
and tissues are negatively influenced by the various factors concerning Space 
travels. 
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A number of solutions are being explored to help protect astronauts, including 
antioxidant-rich foods and close monitoring of radiation levels combined with the 
use of radiation shields. 
 
 
 
1.6 Effects of modeled microgravity on 
cell cultures 
 
 
As we have just discussed, Space environment results in profound effects on 
various physiological systems.  
In order to understand the cellular and molecular causes of alterations due to 
microgravity, we need to directly investigate how mammalian cells react to this 
condition. With no doubt, flight studies offer a unique opportunity to assess the 
effects of gravity on cell and tissue function.  
But being Space experiments too complex and expensive to carry out, most of the 
studies have been performed on Earth under simulated microgravity conditions.  
In vitro studies of cells in modeled microgravity can be designed to distinguish 
effects of reduced gravity from the complex multitude of factors involved in 
Space flight (Vunjak-Novakovic et al., 2002) or to evaluate the effects of modeled 
microgravity on different type of cell cultures.  
They have contributed to increase our knowledge of phenomena like gravity 
sensing, signal transduction and gene expression adaptation in living cells.  
Additionally, they offer the advantage of providing controlled biological 
experimental conditions, which might improve our understanding of the measured 
effects and mechanisms.  
Changes in gene expression, growth factor response, cell proliferation and 
cytoskeleton organization are some of the most frequent consequences of the 
exposure of mammalian cells to simulated microgravity. 
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In conclusion, experiments of this kind have implications for both Space fight and 
basic science. 
In this section, we will describe the devices used to simulate microgravity and the 
effects of this condition on various cell types, focusing in particular on endothelial 
cells. 
 
 
 
1.6.1 Simulating microgravity 
 
 
Several bioreactors have been especially designed for simulating microgravity. 
Various mammalian cell types including embryonic lung cells, lymphocytes, and 
renal cells have been cultured inside these vessels. These devices utilize three-
dimensional cell culture systems in which the cells are associated with 
biodegradable polymer scaffolds, collagen gel, or microcarrier beads in order to 
promote the expression of differentiated cell function.  
On the Space station the gravitational force is approximately 10
-4
 to 10
-6
. These 
bioreactors only reduce the gravitational loading to 10
-2
 to 10
-3
, however they are 
still considered efficient surrogate systems to mimic the results obtained in real 
microgravity (Versari et al., 2007).  
 
 The rotating wall vessel (RWV)  
The rotating wall vessel bioreactor was developed by NASA/JSC for simulating 
microgravity conditions on Earth and is able to provide an adequate oxygen 
supply and mass transfer (Know et al., 2007). 
It is a suspension culture vessel optimized to produce laminar flow and minimize 
the mechanical stresses on cell aggregates in culture (Hammond et al., 2001). 
 In addition, the RWV maintains constant all factors in the immediate 
environment, including concentrations and exchange rates of biochemical species 
and hydrodynamic shear (figure 12. B).  
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 Random positioning machine (RPM) 
Another useful device to simulate hypogravity is the random positioning machine 
(RPM), manufactured by Fokker Space, NL (ww.esa.int). It is a 3-D clinostat 
where the samples are fixed as close as possible to the centre of the inner rotating 
frame. This frame is rotating within another rotating frame; both frames are driven 
by separate motors. Rotating of each frame is random and autonomous and 
regulated by computer software. Gravimeters fixed to the frame permit to record 
the gravity vectors during rotation and an electronic box installed in the inner 
frame permits to power the experiment (figure 12.A).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.6.2 Cell cultures  
 
 
Evidence from studies utilizing ground-based simulated microgravity conditions 
suggest that these altered gravity conditions result in several physiologic changes 
that mimic those seen in Space flight. 
A)                                                         B) 
Figure 12. On the left (A) the random positioning machine (RPM) and the right (B) 
the rotating wall vessel (RWV). 
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Different types of cell cultures have been employed for experiments in simulated 
microgravity, because of the great variety of organs and tissues affected by real 
microgravity conditions, as described above. 
 
For example, myocardium is very sensitive to gravitational changes and 
astronauts may show cardiovascular deconditioning and orthostatic intolerance 
after Space flight. For this reason, Ulbrich et al. investigated in 2010 the impact of 
growth factor treatment (VEGF and bFGF) on cardiac fibroblasts grown under 
simulated microgravity conditions. After RPM exposure, a moderate increase in 
cell death was detectable, together with a significant enhancement in ECM 
(extracellular matrix) protein secretion (e.g. laminin, fibronectin, collagen type 
III); this finding indicates that cardiac fibroblasts have a crucial role in regulating 
ECM remodeling and that their response to altered gravity consist in a 
reorganization of the ECM in a new environment. These effects were substantially 
attenuated by the growth factor treatment.  
In addition, a key contributor to orthostatic intolerance might be the vascular 
smooth muscle cell phenotype conversion from “contractile” to “synthetic”, which 
has been reported during microgravity exposure (Kang et al., 2013). This 
condition suppresses cell proliferation and migration, whereas stimulates 
apoptosis and nitric oxide (NO) production, a relatively short-lived molecule 
which plays a dual role in the arterial system both under physiological and 
pathological conditions. Together with a complete reorganization of the cell 
cytoskeleton, a significant change in the expression of contractile and synthetic 
genes has also been noted by quantifying mRNA levels respectively of myosin 
heavy chain (smMHC) and vimentin. 
However, these gravity-dependent phenotype alterations do not only occur in 
vascular smooth muscle cells, but also in musculoskeletal cells.  
Since the musculoskeletal system is one of the most severely affected by 
microgravity, various studies have been conducted on skeletal muscle and bone 
cells cultured inside microgravity simulator devices or using ground-based 
microgravity models of rodent hind limb suspension. 
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Damm et al. (2013) examined the early stages of myogenesis under conditions of 
simulated microgravity, since mechanical unloading results in oxidative muscle 
loss. C2C12 mouse myoblasts proliferated more slowly as a result of their being 
retained longer within the G2/M phase of the cell cycle relative to control 
myoblasts at terrestrial gravity. On the genetic level, simulated microgravity 
resulted in the decrease of TRPC1-mediated calcium entry, which is responsible 
for the proliferation deceleration and appears to be a crucial event in 
the muscle atrophy.  
Several morphological and biochemical data, moreover, support the theory of a 
shift from apoptosis to necrosis in skeletal muscle fibres. In fact, Ferreira et al. 
showed in 2007 a peak of necrotic markers in murine gastrocnemius and soleus 
muscles exposed to simulated microgravity. In addition, muscle atrophy was 
confirmed by a significant decrease of 44 and of 17% in fiber cross-sectional areas 
in the gastrocnemius and soleus murine muscles, respectively. This unloading-
induced atrophy primarily resulted from increased protein degradation at early 
stages that predominantly affected slow-twitch muscle fibers, followed by a 
decrease in protein synthesis. Alterations of proteome have also been reported, 
especially in those proteins involved in pathways associated with muscle fuel 
utilization, indicating a shift in metabolism from oxidative to glycolytic (Basco et 
al., 2010).  
For what concerns loss in bone mass, Nabavi et al. showed in 2011 that the 
absence of gravitational forces may cause both bone resorption by osteoclast and 
decrease in bone-producing osteoblast integrity and osteogenesis. In fact, not only 
simulated microgravity inhibits population growth of bone marrow mesenchymal 
stem cells, but also their differentiation towards osteoblasts.  
It has also been proved that RPM-cultured preosteoblasts show an altered gene 
expression profile: among 10.000 genes examined using the microarray, 88 were 
down-regulated and 52 were up-regulated significantly more than twofold, 
compared with the static 1-g condition (Pardo et al., 2005). The interesting thing 
is that several genes that were suspected to be involved in bone formation (e.g. 
alkaline phosphatase, a marker for osteoblast differentiation) and loss (like some 
inducers of osteolytic activity) have been found to change in the expected manner. 
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In conclusion, this bone turnover imbalance may result in the osteoporosis-like 
bone loss experienced by Space crews. 
 
Lastly, several effects of simulated microgravity on lymphocyte function have 
been documented too. In fact, the immunological impairment observed in 
astronauts may be due to indirect causes, like psychoneuroendocrine changes, or 
to a direct influence of the lack of gravitational loading on T-cells as well (Ward 
et al., 2006). To explore the possible involvement of genomic mechanisms in 
lymphocyte response to microgravity, Ward’s group evaluated large-scale changes 
in human T-cell gene expression. Among the down-regulated genes, there were 
three genes involved in the induction of apoptosis, several genes affecting the 
cytoskeleton integrity and the G6PD gene (glucose-6-phosphate dehydrogenase). 
This data suggest, respectively, that modeled microgravity results in apoptosis 
inhibition, cytoskeleton remodeling and increase in DNA damage; in fact, a 
deficiency in G6PD could lead to an inhibition of detoxification, resulting in an 
increase in cellular damage (such as protein and DNA oxidation). 
But simulated microgravity has also been correlated to a down-modulation of 
DNA repair genes in human lymphocytes (Kumari et al., 2009), especially those 
involved in MMR (mismatch repair) and BER (base excision repair).  
Singh et. al in 2010 pointed out that one of the mechanistic bases for 
microgravity-induced gene expression changes could be epigenetic events; in fact, 
they proved that simulated microgravity exposure results in DNA 
hypomethylation and mutational changes. Moreover, 7-day exposure caused  the 
down-regulation of those genes that regulate epigenetics events (DNMT1, 
DNMT3a, and DNMT3b).  
In summary, simulated microgravity alone, in the absence of Space radiations, 
may cause specific changes in T-cells: the induction of apoptotic resistance and a 
higher rate of DNA damage. Taken together, these two events are enough to 
explain the genomic instability and chromosomal aberrations found in cells 
exposed to microgravity and then could lead to a malignant transformation of 
those cells. 
 
 1. Introduction 
62 
 
1.6.3 Endothelial cells 
 
 
The endothelium is defined as the system of cells lining the inner surface of all 
blood vessels and represents a diffuse organ with an essential role in several 
fundamental physiological processes, such as the maintenance of the integrity of 
the vascular wall, control of the vascular tone and permeability and of various 
components of homeostasis (Carlsson et al., 2003). 
If endothelial dysfunction occurs, several common diseases, such as 
atherosclerosis, hypertension, diabetes and thrombosis, can be promoted.  
In particular, microvascular endothelial cells play a crucial role in processes like 
inflammation and angiogenesis, both physiological and pathological (Cotrupi et 
al., 2005). Dysregulated angiogenesis is involved in diseases like cancer, arthritis, 
blindness and ischemic heart disease. 
In addition, the endothelium turned out to be extremely sensitive to alterations in 
gravity and its remodeling is thought to be the foremost event in adapting to 
microgravity (Siamwala et al., 2010). Since hemodynamic stimuli, together with 
biochemical stimulation, are strong modulators of endothelial gene expression and 
function, no wonder it has been reported such a marked susceptibility to 
gravitational unloading. 
However, differences between various species have been observed because of the 
great heterogeneity of endothelial cells; in fact, they show different response to 
growth factors, organ specificity and finally morphological and functional 
differences in cells derived from large vessels and small vessels (Mariotti and 
Maier, 2008).   
These are the reasons why it is so important to focus on the investigation of the 
endothelium; in particular, most of the experiments have been conducted on 
human endothelial cells, because of their earlier mentioned heterogeneity.  
Above all, effects on cell growth and proliferation rate vary according to the cell 
type used: for example, a reversible inhibition of endothelial growth has been 
noted in murine microvascular cells (1G11) exposed to simulated microgravity 
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(Cotrupi et al., 2005), whereas HUVEC (human umbilical vein endothelial cells) 
showed a reversible increased proliferation rate (Carlsson et al., 2003; Versari et 
al., 2007) in response to this condition, together with the down-regulation of IL-
1α (antagonist of endothelial proliferation) and the up-regulation of hsp70.  
This suggests that adaptation to microgravity may activate the same pathways 
required for any other stressful condition. In addition, hsp70 has been shown to 
protect endothelial cells from apoptosis and promote their survival, which could 
explain the absence of apoptosis in HUVEC.  
On the contrary, an up-regulation of apoptotic signals (e.g. Bax and Fas-L) occurs 
in porcine aortic endothelial cells (PAEC) cultured inside the RPM. These cells, if 
exposed to angiogenic factors, are no longer able to enhance their proliferation or 
migration rates, suggesting that microgravity causes an irreversible impairment in 
their survival and mobilization (Morbidelli et al., 2005).  
It is worth to report that human microvascular ECs (HMEC) show a much more 
similar behaviour  to 1G11 cells than to HUVEC, when cultured in the RWV; in 
fact, Mariotti and Maier demonstrated in 2008 that gravitational unloading retards 
HMEC growth by up-regulating the cyclin-dependent kinase inhibitor p21. 
However, there is a characteristic endothelial cells have in common when 
adapting to microgravity environment: the induction of nitric oxide (NO) 
production, as a consequence of the up-regulation of nitric oxide synthase (NOS). 
Nitric oxide is an important second messenger in many signaling pathways and a 
potent vasodilator responsible for vascular conditioning.  
This molecule is thought to have a crucial role in endothelial response to 
microgravity, since its levels increase in both murine microvascular ECs 1G11 
(Cotrupi et al., 2005) and HMEC (Mariotti and Maier, 2008), as well in HUVEC 
(Versari et al., 2007) and Eahy926 (Siamwala et al., 2010). 
Eahy926 is an immortalized endothelial cell line obtained by fusing human ECs 
with a lung carcinoma cell line; when exposed to simulated microgravity, these 
cells display an increased migration and faster wound healing.  
This events are strictly correlated with the stimulation of NO synthesis: in fact, an 
actin cytoskeleton remodeling occurs as an early step in the adaptive response and 
recent reports have shown that NO production can be activated by actin through 
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the induction of NOS. Nitric oxide also promotes endothelial cell migration, 
explaining this microgravity-induced mobilization (figure 13). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
But Eahy926 are not the only cells whose actin cytoskeleton is affected by 
hypogravity; also HUVEC have shown a cytoskeletal disorganization within a few 
hours from the beginning of the exposure to microgravity. Actin fibres are 
redistributed and accumulated at the periphery of the cell and, after a few days, a 
reduction in their amount can be detected. This downmodulation of actin fibres is 
considered to be an adaptive mechanism to avoid accumulation of non-necessary 
proteins (Carlsson et al., 2003; Versari et al., 2007). 
Additionally, cytoskeleton remodeling often results in altered cell morphology 
and nuclear shape. 
Therefore, microgravity alters gene expression patterns very early, affecting many 
aspects of endothelial function, from gravisensing mechanisms to angiogenic 
capacity. In HMEC, for example, angiogenesis and migration result to be 
impaired (up-regulation of TIMP-2, the metalloproteinase inhibitor) under 
microgravity conditions, contrary to what happens in HUVEC. 
In conclusion, ECs are very sensitive also to simulated microgravity, which alters 
their physiology and induces a multitude of adaptive mechanism inside the cells. 
Figure 13. Actin remodeling induced by 
microgravity , which activates NOS to induce 
NO-driven endothelial migration.  
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1.7 The “SFEF” Project  
 
 
The SFEF Project (Space Flight Endothelium Function) has been selected by ESA 
(European Space Agency) and intends to evaluate the effects of the Space flight 
on endothelial function: molecular and cellular characterization of interactions 
between genome transcription, DNA damage and induction of cell senescence. 
This paragraph wants to provide an overall view on how this project is structured: 
the scientific background, its aim, its phases and the expected outcomes. 
 
 General scientific background and motivation 
 Human subjects and experimental animal models returning from Space have 
shown muscle-skeletal and cardiovascular problems accredited to injury of the 
endothelium. 
Given the striking similarities between the effect of microgravity on astronauts, 
and the consequences of sedentary life, senescence and degenerative diseases on 
Earth, studying pathophysiological processes caused by Space flight (SF) will 
significantly further our comprehension and therapy of common pathologies. 
To deeply understand the cardiovascular damages that follow SFs, an 
investigation at cellular and molecular level is necessary that may explain those 
observations in terms of variations of genome expression and/or genome damage. 
Space flight exposes to several significant stimuli including strong acceleration at 
lift-off, microgravity and space radiations.  
 
 Justification for the need of space experiment 
 As far as endothelial cells are concerned, although several studies have been 
performed in simulated microgravity, up to date there are not studies performed in 
Space. Microgravity is known to alter gene expression, with some differences 
between simulated microgravity and real Space flight. 
The endothelium is defined as the system of cells lining the inner surface of all 
blood vessels and represents a diffuse organ with essential role in several 
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fundamental physiological processes, and in turn responsible of several diseases, 
among which atherosclerosis, hypertension, diabetes and thrombosis.  
A Space mission implies exposure to a number of important, complex and 
sequential stimulations: strong acceleration during launch, microgravity during 
flight, cosmic radiations, mechanical vibrations, pressure changes and altered 
magnetic fields.  
For all these reasons, a long-term experiment performed in a real microgravity 
environment will elucidate the peculiar nature of the response of endothelial cells 
in Space. 
 
 Why microvascular endothelium? 
The endothelium turned out to be extremely sensitive to alterations in gravity, 
even though differences between various species have been reported.  
Endothelial cells, in fact, are very heterogeneous: they show different response to 
growth factors, organ specificity and finally morphological and functional 
differences have been observed in cells derived from large vessels and small 
vessels (Mariotti and Maier, 2008).   
Endothelial dysfunctions promote several common diseases, such as 
atherosclerosis, hypertension, diabetes and thrombosis. In particular, 
microvascular endothelial cells play a crucial role in various processes, such as 
inflammation and angiogenesis, both physiological and pathological (Cotrupi et 
al., 2005). Dysregulated angiogenesis is involved in frequent diseases like cancer, 
arthritis, blindness and ischemic heart disease. 
Moreover, impairments in microvasculature function may cause various systemic 
problems, since it is diffuse throughout the body. In fact, degeneration of 
microvascular endothelial cells can lead to degeneration of the organ they 
vascularize, with severe repercussions on the whole body.  
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 Project specific goals 
 The SFEF project aims at understanding the reaction of cultured endothelial cells 
(HMEC1 cell line) – a reductionist representation of human microvascular 
endothelium - to Space flights.  
Such reaction will be characterized in Space-flown samples through analysis of:  
 
1) cellular transcriptome;  
 
2) methylome analysis;  
 
3) DNA damage and induction of cell senescence; 
 
4) variations of cell cycle.  
 
 Experiment concept  
HMEC-1 cells will be incubated on board of the International Space Station (ISS) 
at 37°C and subjected to two parallel gravitational conditions, 0 g (microgravity 
samples) and 1 g, by the use of a centrifuge. Ground control experiments will be 
performed too and, together with 1g-Space controls, will permit to distinguish the 
effects induced by microgravity from the ones caused by cosmic radiations. 
Endothelial cells will be seeded on plastic coverslips to be fitted inside the culture 
chamber of a special bioreactor, which is able to provide culture medium 
exchanges, washing buffer and fixatives releases.  
After several days of pre-launch activities and orbital flight, the experiment will 
be activated by the first medium refresh.  
After a 6 day- incubation, cells will be fixed by chemical fixatives and stored at 
conditioned temperature until download.  
Once back on Earth, samples will be subjected to the previously described post-
flight analysis. This sequence of events is schematized in the figure below (Fig. 
14). 
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 Parameters measured  
 
- Temperature: Temperature at experiment level shall be measured in a 
range covering the temperature requirements of the experiment’s timeline, 
with sensitivity of 1ºC and at 10 minutes intervals. 
 
- Ionizing radiation: A passive radiation dosimeter is required to measure 
the total ionizing radiation at the experiment level, with acquisition every 
30 minutes. 
 
- Gravity: Time of insertion of samples in microgravity and time of return to 
1g  (launcher profile data and return vehicle data) is required, as well as g-
level data from ISS gravity sensor during the active phase of the 
experiment. 
 
Figure  14. SFEF mission profile. Half of the samples (light blue line) will be placed in a 
centrifuge once on board of the ISS (1g-Space controls) and, together with ground      
experiment will permit to distinguish the effects induced by microgravity.                                   
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- Post-flight parameters measured: from download to handover the control 
of the temperature is highly desirable to keep the stabilized samples 
refrigerated. 
 
 Expected results 
This project will contribute to the creation of prevention and rehabilitation 
protocols as countermeasures to cardiovascular problems experimented by 
astronauts returning from Space missions and, in general, by common persons 
suffering from inflammatory, degenerative and cardiovascular pathologies. In 
details, the expected results are: 
 
- Transcriptomic study : To find genes whose expression changes as a 
consequence of Space flight, at least those genes already found after 
ground simulations, and possibly unexpected genes that will contribute to 
defining the molecular picture into which the endothelial malfunction 
reported for this system after space flight develops.  
 
- Methylome analysis : To study whether the methylome is altered in Space, 
since epigenetic changes have been reported to occur in this condition. 
        
- Characterization of genome damage and cell senescence with 
Immunocytochemisty: To evaluate the presence of cell senescence 
markers in those samples exposed to the Space travel. Cosmic radiations 
may cause DNA damage by double-strand breaks. 
 
- Analysis of cell cycle: To evaluate expression of specific markers 
compared with references.  
 
